INTRODUCTION
The prevalence of sleep-disordered breathing (SDB) is low among women of reproductive age compared with postmenopausal women and men. 1 However, during pregnancy, physiologic and hormonal changes occur that can lead to a greater propensity for apneic episodes during sleep (reviewed in Ref. 2) .
In initial case reports of obstructive sleep apnoea (OSA) in pregnancy, women were uniformly obese and often developed complications such as preeclampsia. 3 4 Subsequently, studies have demonstrated that snoring and other SDB symptoms are common among pregnant women and suggest that pregnancy may accelerate development of SDB. [5] [6] [7] Nevertheless, data on whether objectively measured SDB increases during pregnancy and on risk factors for incident OSA in pregnant women are limited.
A number of studies have examined the relationship between SDB and gestational hypertension or preeclampsia, since OSA clearly increases hypertension risk in the general population. 8 These studies largely suggest that SDB is a risk factor for preeclampsia, 6 9-14 though in most cases, their ability to infer causality has been limited by their crosssectional or retrospective nature, or reliance on self-reported symptoms of SDB. Few studies, to date, have assessed the impact of objectively measured gestational SDB on maternal-fetal health.
In this study, we performed a prospective cohort study to determine whether SDB events increased during pregnancy; and examined associations between weight, age and third trimester OSA. We hypothesised that greater baseline weight and gestational weight gain would increase the risk for OSA. In secondary analyses, we also investigated the relationship between SDB and gestational hypertension and preeclampsia; and between SDB and other adverse maternal-fetal outcomes, including preterm delivery, gestational diabetes (GDM) and low birthweight babies. What is the bottom line?
▸ SDB events increase over the course of pregnancy and third trimester OSA is common. Age and Body Mass Index are significant and consistent predictors of gestational OSA.
Why read on?
▸ We report on risk factors for third trimester OSA in a cohort of pregnant women who underwent objective measurements of SDB in the first and third trimesters. In secondary analyses, we examine the relationships between SDB and maternal fetal outcomes. The findings have implications for identifying women at risk for OSA during pregnancy.
METHODS

Study population
All women scheduled for initial obstetrics evaluation at the Hospital of the University of Pennsylvania were invited to participate. Interested women were screened for eligibility. This study was approved by the Penn Institutional Review Board. All participants provided written informed consent. Women whose pregnancy was ≤14 weeks of gestation were eligible. Gestational age and estimated date of delivery (EDD) were calculated using last menstrual period data. 15 When available (n=96), fetal ultrasonography results were used to confirm EDD. 15 Exclusion criteria were communication/cognitive/behavioural impairments interfering with informed participation; no telephone; self-reported illicit drug use or alcoholism 16 ; serious pre-existing medical conditions; sedative/hypnotic use ≥3×/week; or current OSA treatment.
To enrich the sample for subjects likely to develop OSA, recruitment was stratified by BMI to increase the proportion of obese women: normal (<25.0 kg/m 2 ), overweight (25.0-<30.0), class I obesity (30.0-<35.0), class II-III obesity (≥35.0). 17 Our recruitment goal was 25 subjects/category; subjects who withdrew were replaced until the goal was reached.
In total, 722 interested women were screened for inclusion into the cohort, of whom 352 women met eligibility criteria. By far the most common reason for exclusion was pregnancy past 14 weeks of gestation (n=325). Others were excluded due to not being pregnant/pregnancy loss/planned termination (n=17); chronic medical conditions (n=4); prenatal care at other institutions (n=9); or lack of English fluency (n=1). Many otherwise eligible women were not enrolled due to stratified recruitment by BMI (n=172) or because they were unable to attend first trimester polysomnography (PSG) prior to 14 weeks of gestation (n=54).
Protocol
We obtained medical, obstetric and sleep histories at baseline (first trimester) evaluation. Overnight laboratory PSG was scheduled between 8 and 14 weeks gestation, and for repeat between 33 and 34 weeks gestation. PSGs (Sandman, Melville Diagnostics) included EEG (central, occipital leads), electrooculogram, submental and tibialis electromyograms, single bipolar electrocardiogram, finger pulse oximetry (Nellcor), chest and abdominal excursion (Protech piezo belts), airflow by nasal pressure 18 and oral thermistor. Accepted methods were used to score sleep. 19 We defined apnoea as complete cessation of airflow lasting ≥10 s, and hypopnoea as a >50% decrease in airflow without a requirement for associated oxygen desaturation or arousal; or a lesser airflow reduction in association with oxygen desaturation of >3% or an arousal. 20 The Apnoea-Hypopnoea Index (AHI, apnoea+hypopnoea/h of sleep) was computed using standard criteria. 19 20 Subjects with desaturations to <70% for ≥3% of time asleep and/or AHI>30 were notified (n=1) and withdrawn if they elected treatment (n=1).
Before each PSG, the Epworth Sleepiness Scale 21 and a seated manual blood pressure (BP) measurement were obtained. After delivery, charts were abstracted for maternal-fetal outcomes.
Outcome variables
We examined two primary SDB outcomes: first, AHI was dichotomised at ≥5 events/h to define OSA in the primary analyses. We also examined change in AHI as a continuous variable.
Gestational hypertension was defined clinically as systolic BP ≥140 mm Hg and/or diastolic BP ≥90 in a previously normotensive woman >20 weeks gestation. Preeclampsia was defined as gestational hypertension with 24 h urinary protein level >0.3 g. We also examined third trimester mean arterial BP (calculated from BP obtained prior to third trimester PSG), preterm delivery (gestational age <37.0 weeks), GDM (defined per 22 ) and low birthweight babies (<2500 g) as secondary outcomes.
Determinant variables
Determinant variables included first and third trimester BMI and neck circumference, gestational weight gain, age, race, baseline AHI, Epworth Sleepiness Scale scores and parity. Weight and gestational weight gain were examined using several paradigms, such as categorised and continuous BMI, neck circumference and absolute weight change from baseline until delivery.
Data analyses
Data were analysed with SAS software (V.9.1, SAS Institute, Cary, North Carolina, USA) for descriptive statistics and multivariable logistic and linear regression. Because AHI distribution was substantially non-normal, a log transformation (log (AHI +1)) was employed for comparisons of AHI and when AHI was used in linear regression as an outcome. For analyses in which AHI was dichotomised and when we examined change in AHI (which was normally distributed) as an outcome, we used untransformed AHI.
The power calculation was based on our primary outcome of absolute change in AHI. We calculated 25 subjects completing both PSGs in each BMI group (n=100) were needed to detect a standardised effect size of 0.28 with 80% power using a twosided paired t test and 5% significance level. That is, if the mean AHI change is approximately one-fourth the size of the SD of changes, our study is likely to find that the mean difference is significantly different from 0.
We restricted our initial analyses to subjects who completed both overnight PSG studies (n=105). To maximise statistical power, analyses were repeated after imputing third trimester AHI for 21 women, using a regression model of baseline AHI, age, BMI, race, chronic hypertension, parity, gestational hypertension and preeclampsia. 23 Paired t tests were performed to compare first and third trimester log-transformed AHI, and characteristics of women with and without third trimester OSA. After estimating unadjusted associations of each variable with third trimester OSA, multivariable logistic regression models were used to estimate the effects of covariates on the outcome. Covariates were considered for inclusion in the final model if the p value was ≤0.20 in the unadjusted analyses. We also checked for collinearity between potentially related variables using Spearman's coefficient (eg, baseline BMI and gestational weight gain, baseline BMI and age, BMI and neck circumference) during the model selection process. Final covariates were selected based on whether each variable remained significant at p<0.05 in the multivariable model. We also performed linear regression analyses to examine associations with change in AHI. Because AHI cut-point for OSA affects disease prevalence, we repeated our primary analyses using AHI ≥10 events/h to verify our observations.
We performed logistic regression analyses using continuous and dichotomised SDB variables as independent variables to examine relationships between SDB and the hypertensive disorders of pregnancy, preterm delivery, GDM and low birth weight individually as outcomes. We also examined the relationship between SDB and third trimester mean arterial BP using linear regression. p Values <0.05 were considered statistically significant.
RESULTS
We enrolled 126 women in the cohort; 105 women completed first and third trimester PSGs at a median of 12.1 (SD 1.9) and 33.6 (SD 2.5) weeks gestation (table 1); 21 women completed first trimester PSGs only; 75% of participants were African-American. Caucasian women and women of other racial backgrounds were combined into a 'White and Other' category. Reasons for failure to complete the third trimester PSG included delivery before the PSG (n=6), preterm labour/medically advised bed rest (n=6) and withdrawal/loss to follow-up (n=9). Women delivered at a median of 39.1 (SD 2.0) weeks. Comparisons between women completing one and both PSGs revealed no significant differences in demographic, gynaecological or baseline sleep variables (including age, race, parity, baseline AHI). Some outcomes were unavailable for 12 subjects delivered at other hospitals.
SDB increases during pregnancy
Mean first trimester AHI was 2.07 (Med 1.1) events/h for subjects completing both PSGs. Third trimester AHI increased significantly to 3.74 (Med 1.5) events/h ( p=0.009); 10.5% of women in our study had first trimester OSA (AHI≥5). By the third trimester, 26.7% of our participants had OSA, with 23 mild (AHI 5-14), 4 moderate (AHI 15-29) and 1 severe (AHI≥30) case. 24 Women with third trimester OSA were mostly obese (BMI≥30) at baseline (table 2): 20 of 50 (40.0%) obese women at baseline assessment had third trimester OSA, V.8 of 55 (14.5%) normal or overweight women. Third trimester OSA was characterised largely by arousal-associated hypopnoeas. Women with third trimester OSA were not sleepier than normal women.
As our protocol over-recruited for overweight and obese women, we utilised data from all women who were screened in the first trimester and provided information about BMI (n=335) to estimate OSA prevalence among the general obstetric population from which our subjects were recruited. From these data, we estimate overall OSA prevalence in the clinical population to be 8.4% (95% CI 5.6% to 11.9%) in the first trimester, and 19.7% (95% CI 15.6% to 24.4%) in the third trimester.
Third trimester OSA
We examined whether specific clinical characteristics were significantly associated with third trimester OSA (table 3) . Because women with AHI ≥5 at baseline were likely to have third trimester OSA; we restricted these analyses to women with first trimester AHI <5 (n=94). In unadjusted analyses, first or third trimester BMI, first or third trimester neck circumference, age and parity were all significant determinants of OSA ( p<0.05). Additional variables examined for inclusion in multivariable models included baseline AHI and gestational weight gain (p≤0.20).
We created separate multivariable models using first and third trimester weight covariates to better understand the relationship between weight and third trimester SDB. As BMI and neck circumference were highly collinear (ρ=0.80), we retained BMI since BMI is routinely measured clinically and models including BMI had greater predictive value (ie, higher c-statistics).
Using first trimester characteristics, we found that first trimester BMI and maternal age were all significant determinants of third trimester OSA (table 4). In the fully adjusted model, with every BMI increase of 5 kg/m 2 , subjects were 1.93 (95% CI 1.19 to 3.12) times more likely to have third trimester OSA. With each 10-year increase in age, subjects were 3.24 (95% CI 1.40 to 7.52) times more likely to have third trimester OSA. We included baseline AHI in the model to adjust for its influence on third trimester AHI, though it was not significantly associated with OSA.
In our dataset, baseline BMI and gestational weight gain were inversely correlated but not collinear (ρ=−0.53). Including gestational weight gain in the model with baseline BMI, age and first trimester AHI suggested that heavier women who gained more weight were at greatest risk for OSA, but the interaction between BMI and gestational weight gain was not significant ( p=0.274). Age and baseline BMI were not collinear. In a multivariable model incorporating third trimester BMI (table 4), third trimester BMI and age were highly significantly determinants of third trimester OSA, similar to the first trimester model.
When we repeated our analyses using imputed third trimester AHI values for those without third trimester PSGs, we observed essentially identical results (see online supplement). Furthermore, in multivariable analyses using AHI ≥10/h, baseline or third trimester BMI continued to predict third trimester OSA (OR 1.85-3.01, p=0.025-0.049).
Change in AHI
We examined characteristics associated with change in AHI in all subjects completing both PSGs (n=105, table 5). In unadjusted analyses, first and third trimester BMI and third trimester neck circumference were all significant determinants of change in AHI. Larger gestational weight gains were associated with smaller AHI changes in unadjusted analyses. In the final multivariable model, first trimester BMI and first trimester AHI were all independently associated with change in AHI. Maternal age was of borderline significance ( p=0.059). Each increase in baseline BMI of 5 kg/m 2 was associated with an increase in AHI of 1.43 (0.70-2.16). Higher baseline AHIs were paradoxically associated with decreases in AHI in the third trimester (p=0.022). Similar results were observed when all subjects were included using imputed third trimester AHI (see online supplement).
SDB and hypertensive disorders of pregnancy
Twenty women developed a hypertensive disorder of pregnancy (gestational hypertension, n=9; preeclampsia, n=10; both, n=1), including one with chronic hypertension and preeclampsia (see online supplement). In unadjusted analyses restricted to subjects without chronic hypertension (n=100, table 6), there were no significant associations between first or third trimester AHI, OSA or change in AHI and gestational hypertension or preeclampsia. Likewise, associations between first or third trimester SDB variables, and third trimester mean arterial BP were not significant.
SDB and other adverse maternal-fetal outcomes
We examined the relationship between SDB variables and additional outcomes (table 7) including preterm delivery (n=10), GDM (n=5) and low birthweight babies (n=9). There were no significant associations between any SDB variables and these outcomes.
DISCUSSION
There are several major findings from our data. First, SDB events increase during pregnancy. Second, milder OSA is a common third trimester finding, but severe OSA is uncommon. Third, age and BMI were consistent and independent determinants of third trimester OSA. Finally, in secondary analyses, OSA, assessed early or late in pregnancy, was not associated with development of gestational hypertension or preeclampsia in this sample, or with preterm delivery, GDM or low birth weight.
Aside from a small case-control study (n=22), 25 our study is the first to objectively assess SDB prospectively in a large group of pregnant women. We found that AHI increased significantly during pregnancy. The overall magnitude of this increase was small, and mean AHI remained within normal. However, 10.5% of participants had OSA even in the first trimester. By the third trimester, 26.7% of women had mild OSA, and 4.8% had moderate-severe OSA. As our study over-recruited obese women, these participants do not represent a general obstetrics population. However, extrapolating to the BMI distribution of all women screened for the study, we estimate nearly one out of five of women in our obstetrics practices may have third trimester OSA, with 3% developing severe OSA. We identified several risk factors for third trimester OSA. Models using first and third trimester characteristics were ultimately very similar. Increasing first or third trimester BMI and age were strong and independent determinants of OSA. We obtained similar results when examining change in AHI, utilising imputed data for subjects with missing third trimester AHIs and using a higher AHI cutoff for OSA. Thus, we conclude that risk factors for OSA in pregnant women are similar to those in the general population. 8 26 We were surprised to find gestational weight gain was not independently associated with third trimester OSA, and that in unadjusted analyses, greater weight gain appeared protective against developing OSA. The inverse correlation between baseline BMI and gestational weight gain potentially provides an explanation, that is, normal weight women tended to gain more weight than overweight and obese women (similar to large observational studies 27 ). In multivariable analyses, gestational weight gain did not significantly modify OSA risk among women of different baseline BMIs. However, this may have been due to inadequate statistical power.
Although OSA is usually characterised by excessive somnolence, the Epworth Sleepiness Scale score was not significantly associated with third trimester OSA or change in AHI in our study. This may be due to the general effects of hormonal and physical changes of pregnancy on sleep and sleepiness (eg, high levels of progesterone; physical discomfort contributing to sleep fragmentation). 2 In previous work, we found the prevalence of self-reported excessive daytime sleepiness (ESS score>10) to be 31.0-45.5% over the course of pregnancy in a cohort of healthy women. 5 Thus, during pregnancy, the presence of daytime somnolence may not reliably signal the presence of a clinically meaningful sleep disorder. This is the first study to examine the relationship between objectively measured SDB and pregnancy-induced hypertension, an area of considerable interest in a prospective cohort study. We did not observe associations between various metrics for SDB and gestational hypertension or preeclampsia. By contrast, the prevalence of objective SDB in a recent case-control study was much higher among women with gestational hypertension compared with healthy pregnant controls, 13 though the association between SDB and gestational hypertension was not significant after adjusting for BMI. Such findings raise questions about why disparities exist between our results and other retrospective or cross-sectional studies. 9 28 29 There may be several reasons. First, we recognise that our study likely lacked adequate statistical power to detect an association with gestational hypertension and preeclampsia, especially given the relatively few participants with moderate or severe third trimester OSA (n=5). Next, most of our subjects did not manifest OSA until the third trimester. Recently, a study using a national healthcare database demonstrated that risks for preeclampsia were higher among women with known antepartum OSA compared to age-matched controls. 14 Thus, pre-existing OSA may represent a hazard for adverse outcomes during pregnancy, compared to incident gestational OSA. Finally, although the upper airway is smaller among preeclamptic women compared with normal pregnant women, 12 objective assessments of SDB have generally been performed after identifying gestational hypertension or preeclampsia rather than beforehand. 6 9 28 29 Thus, whether SDB follows or precedes development of preeclampsia has not been established.
Recent data have suggested that pregnant women with SDB symptoms are at increased risk for other adverse maternal-fetal outcomes, especially GDM. 30 31 Among pregnant women with previously diagnosed OSA, GDM risk was increased even after adjusting for obesity. 14 We did not observe an increased risk for GDM among women with SDB in our study. Since few of our subjects developed GDM, however, we lacked statistical power to make this determination. Additional studies to determine whether incident OSA in pregnancy increases GDM risk are needed to better understand this relationship.
Some other strengths and limitations of our study warrant mention. Our subjects were mostly urban, African-American women, who are traditionally under-represented in research studies but have high rates of SDB, 8 gestational hypertension and preeclampsia. 32 While race was not significantly associated with OSA in our study, our results may not be generalisable to other populations.
As third trimester PSG data were not available for 21 women, we imputed missing AHIs using accepted statistical methods. 23 Baseline characteristics and results using imputed data and complete cases were similar, suggesting minimal selection bias among those completing both PSGs.
Our study provides new insights into SDB among pregnant women, demonstrating that mild third trimester OSA is common; and establishing that greater baseline BMI and maternal age increase the risk for third trimester OSA. By contrast with recent findings demonstrating increased risks of adverse maternal-fetal outcomes among women with known antepartum OSA, 14 we did not observe associations between OSA and subsequent development of gestational hypertension or preeclampsia, or between OSA and preterm delivery, GDM or low birth weight in this longitudinal study. Larger, adequately powered studies that examine the impact of objectively measured SDB of different severities, including incident versus pre-existing OSA on pregnancy, are needed. Of immediate clinical relevance, our findings can help obstetricians to identify women at risk for OSA during pregnancy. 
